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The purpose of this investigation was to determine the
response of a pneumatic angular rate sensor with two spherical
pickoff elements, and to develop a suitable prototype sensor
to be used in further analysis and experimentation. It was
found that optimum response is obtained when the spherical
elements are located within the sink tube, and that in the
development of a suitable prototype, a fluid of relatively
high density with low flow rates should be used to minimize
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LIST OF SYMBOLS
Q total flow rate through the sensor, SCFS
2
p pressure, lb/ft
U average velocity in the sink tube, ft/sec
p fluid density, slugs/ft
6 angle from the horizontal axis of the sink tube
V maximum swirl velocity
ms '
u angular velocity, rad/sec
a) angular velocity, deg/sec
R effective radius, ft.
r radial distance to pickoff hole, ft.
p
r - radius of sphere, ft






The purpose of -the experimental investigation described
herein is to determine the response of a pneumatic angular .
rate sensor with two spherical pressure-pickof f elements,
and to develop a suitable prototype sensor to be used in
further experimentation.
The pneumatic angular rate sensor is a device which
utilizes the change in the characteristics of fluid flow,
namely the swirl created by rotation, to detect the changes
in motion of the system to which the sensor is rigidly
attached. The detection is in the form of a pressure dif-
ference which can be translated to a rate of motion for a
specified flow rate.
The sensor consists basically of two coaxial disks,
spaced 1/20 to 1/50 radius apart. One disk is supported by
a system of evenly spaced radial veins mounted on another
coaxial disk, an outlet sink, two spherical pickoff elements,
and an inlet tube located along the center axis.
The gaseous fluid flows (Fig. 1) through the inlet tube
through a foam section of uniform length and porosity con-
tained within the tube. The fluid flows uniformly and
radially through the veins and around the center disk and
discharges at the sink tube. The radial flow between the
two coaxial disks is modified by the viscous shear and by
the vortex created by the rotation of the unit about an axis

parallel to the axis of symmetry. The vortex created by
the sensor rotation produces a pressure difference across
the pressure sensing elements and it is this pressure
difference, for a specified flow, which is directly related
to the rate of rotation.
The experimental results were compared with the results
of a cylindrical pickoff element, used with the same sensor,
to show that the optimum system response is that of a system
containing spherical elements.
Due to the increased interest in fluidic devices, a
number of studies of vortex flows and vortex chambers have
been performed. Sarpkaya and Kirshner [1] studied the theo-
retical and experimental performance characteristics of a
pneumatic angular rate sensor using a cylindrical probe as
a pickoff element. Later Sarpkaya [2] presented a critical
discussion of the characteristics of the angular rate sensor.
The fundamental problems summarized in his paper were the
basis for this investigation. Richards [3] applied a numer-
ical technique for solving the full Navier-Stokes equation
to the vortex-rate sensor and found that the conditions at
the sink tube affect the local flow pattern, but have little
influence on the flow farther upstream. It was also shown
that the velocity profiles near the sink are virtually
unaffected. De Santis and Rakowsky [4] conducted an
experimental investigation to determine the characteristics
of flow with a weak vortex produced by the combination of
radial axisymmetric sink flow and vortex flow between two

closely spaced coaxial circular plates. The experiments of
Rakowsky have verified the viscous flow analysis carried out
by Sarpkaya [1] . Iwadare and Hakiwara [5] made a study of
the system response of the sensor used by Sarpkaya but with
a variation in the type of probe tube used. Their results
have shown that the noise level is relatively high and the
range of response of the sensor is rather narrow.
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II. DESCRIPTION OF THE APPARATUS
The system components used in the experimentation were
arranged in the following manner. Air passed through a
series of pipes and entered a 1.74 SFCM flow meter, where
it was controlled from to 100 percent of this rating, and
into the inlet tube of the sensor. The sensor was mounted
on a circular platform, with a horizontal axis. The circu-
lar platform was mounted on a support system which allowed
the platform to be rotated. The support system was made up
of three guide rollers. The platform was rotated by a drive
mechanism connected to one of these guide rollers. The
speed of rotation was controlled by a variable speed General
Electric 1/6 horsepower motor. The rotation of the system
was determined by mounting a trigger switch on the support
system and locating a series of round head screws every
60 degrees on the circular platform to trigger this timing
switch. The impulse from the switch was transmitted to the
external time input of the Hewlett-Packard 7702 B recorder.
As air passed through the sensor and out the outlet
sink, it flowed past the two spherical pressure pickoff
elements. Each pickoff element was connected by a section
of tubing to one side of a Sanborn 267AC pressure trans-
ducer. The transducer transferred the differential pressure
of the pickoff elements to the Hewlett-Packard recorder.
Figures 2, 3, and 4 contain drawings of the sensor and




The experiment was conducted in two parts: in the first
part a cylindrical pressure pickoff element was used. In
the second part, two spherical pressure pickoff elements
were used.
The cylindrical pickoff element was positioned such that
the pickoff holes were located 45 degrees both from the axis
of the sink tube and from the direction of the flow in the
sink tube. As discussed in the theoretical development,
positioning of the holes 45 degrees from the direction of
flow gives the maximum theoretical pressure difference across
the pressure pickoff holes.
The cylindrical pickoff element was moved until the two
pressure pickoff holes were equidistant from the center axis
of the sink tube and until there was a zero pressure dif-
ference across the transducer for all the flow-rates used.
The null-signal was less than 0.0014 psi for flow rates from
0.75 to 1.392 SCFM. Having established a null reference,
the system was rotated at angular velocities of to 55
degrees per second at various flow rates. Rotation was both
clockwise and counterclockwise. The rotation produced, as
would be expected, a pressure difference across the sensing
element. This pressure difference was then converted by
the pressure transducer to a signal which was displayed by
the recorder. Knowing the calibration of the transducer,
12

this deflection was then used to calculate the pressure
difference.
The angular velocity was determined by counting the
timer signals per 360 degrees as generated by the trigger
switch assembly and the recorder.
This procedure was consistant in both parts of the
experiment.
The spherical pickoff elements used in the second part
of the investigation were positioned such that each pickoff
hole was located at a position 45 degrees from the axis of
the sink tube and from the direction of flow in the sink
tube. The spherical pickoff elements were moved until the
exit plane of the sink tube was tangent to both spherical
elements and there was a zero pressure difference across
the transducer for all flow rates used.
The procedure for recording data was the same as that
of the cylindrical element.
In another series of experiments the spherical elements
were placed in the sink tube one diameter, (0.083 inches),
from the exit plane to determine the system response at this
position. The same procedure for zeroing the system and




In the data obtained using the Hewlett-Packard recorder
the differential pressure was recorded as a deflection in
milimeters on the recorder chart paper. The uncertainty in
this reading comes from two sources; firstly, from the
inability of the observer to determine the deflection read-
ing beyond 0.5 mm; and secondly, from the uncertainty in
the calibration of the transducer.
The uncertainty occurring in the calibration of the
transducer arises from the ability to read the water level
and the inability to translate the deflection on the recorder
of this pressure beyond 0.5 mm.
There are also two effects on the uncertainty of the
angular velocity, namely, the error in the chart speed of
the recorder and the inability to read the translation dis-
tance on the chart beyond 0.5 mm.
The uncertainty in reading the flow meter is the only
i
adverse effect on the flow reading.
The three quantities determined were the pressure
differential Ap expressed in psi, the sensor angular velo-
city a) expressed in deg/sec, and the flow rate Q expressed
in SCFM.
Using the notation u as the uncertainty in x, the
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-Q = (Iq "q)
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CR = chart reading
T = transducer
CS = chart speed
Q = flow read:ng
After simplifying and substituting the appropriate
values, the above equations yielded results which were well
within the acceptable limits of experimental uncertainty.




V. ANALYSIS OF THE SENSOR OUTPUT
The pressure distribution for the potential flow about a
sphere is given by
p = pU
g
2 (1-2.25 sin 2 9)/2 (1)
where U is the average velocity in the sink tube about the
pickoff elements. Evidently, dp/d6 is maximum for 6 = 45°
(for flow around a cylindrical pickoff also) and p = for
6 = 41.7°. It is easy to verify that the pressure varies
nearly linearly from approximately 6 = 30° to = 60°. This
is more than sufficient since the swirl angle is seldom
greater than A8 = ±20° for a sensor with sufficiently low
response time or high power level.
The differential pressure between the two pickoff holes
is given by
Ap = -L- U
s
2 pA9 (2)
since sin 20 = 1 for 9 = 45° and 0.933 for 41.7°.
Furthermore, it is apparent that a pickoff hole placed
between = 45° and = 41.7° on a small sphere will sample
the flow over an area rather than sense it at a point. Now
noting that the swirl angle, resulting from the tangential
velocity of the fluid relative to the tangential velocity
of the pickoff hole is given by
16
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where V is the maximum swirl velocity in the sink tube,
ms ' '
and that
V = wR 2 /r (4)ms ' p * J
where oi is the angular velocity in radians per second, R is
the effective radius of the sensor, r the radial distance
P
to the location of the pickoff hole which is also the radius
where the tangential velocity is a maximum. Equation (2)
may be reduced to




writing Q = U (irr - 27rr , ) where r , is the radius of3 s s sph sph
the sphere, equation (5) reduces to
'•:
"
I 47 1 i"il "-' -- r— ->-" ! (G)
for the case when the pickoff elements are placed within the
sink tube. In the case where the pickoff elements are
2placed outside the sink tube Q = irr U , i.e., very little
flow blockage, one has




It is evident from equations (6) and (7) that the dif-
ferential pressure signal increases most rapidly with
decreasing sink- tube radius, secondly with increasing
sensor radius, and thirdly with increasing rate of rotation,
flow rate and fluid density. Obviously, there is a limit
to the magnitude of each and every one of these parameters.
The size of the sink-tube is limited by the size of the
pickoff element which in turn is limited by the manufacturing
difficulties. The flow rate is limited by the capacity of
the available power source. Finally, the sensor radius is
limited by the space and weight requirements and most impor-
tantly by the response-time consideration.
2
The response time T is proportional to bR /Q where b is
the disk spacing. Thus to optimize the ratio of the differ-
ential pressure output to the response time, the maximum







It is apparent that the radius of the sensor does not enter
into this optimization since its effect on the increase of
the differential pressure is compensated by a proportional
amount of increase on the response time. Thus the most
optimum sensor may be obtained by decreasing the sink tube
radius and the disk spacing and by increasing the flow rate
for a given fluid and angular velocity. As cited earlier,
all of these quantities are limited in their range by prac-
tical considerations. The dimensions of the sensor used
herein were chosen with these limitations in mind.
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The experimental data is compared with those predicted
theoretically through the use of equations (6) and (7)
.
These will be presented in the discussion of results. In
passing, it should be noted that equation (6) may be written
for convenience as follows
/ R 2\ pco°Q






where to is now measured in degrees per second.
Finally, it should be noted that it is rather difficult
to calculate flow blockage in swirling flow due to the
presence of two spheres in the sink tube. For this reason,
here it is assumed that the sink tube area is reduced by
the projected area of the spheres in calculating the effec-
tive flow area. In fact the experiments show that this
approximation is fairly correct as will be discussed later.
19

VI. DISCUSSION OF RESULTS AND CONCLUSIONS
The experimental results are presented in terms of the
differential pressure versus the rate of rotation as shown
in Figures 5 through 22. The results show that the system
response is linear for each test condition. The slope of
the linear response was defined as the response of the sen-
sor and is expressed in psi/deg/sec.
The results also show that the sensor response is larger
for the case where the spherical elements are located inside
the sink tube. These results are consolidated in Figure 23
where each line indicates the best linear approximation to
the experimental data. This figure also provides a compari-
son between the results of the spherical and cylindrical
pickoff elements. The results were then normalized to com-
pare them with those predicted theoretically. These
normalized values, expressed in terms of K are shown in
Figures 24 through 37. The parameter K is defined for the








and for the spherical element located tangent to the exit
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K was plotted as a function of
g>° R3
Q *
The theoretical value of K was found to be 0.0125. The
experimental values obtained were in close agreement with
the theoretical value and had a standard deviation of 0.0026
from the theoretical. An explanation of this deviation is
that the actual area reduction must consider the effective
area of a body in swirling flow, which is unknown. For
this reason, an assumption that the cross-section area of
the pickoff element would closely approximate the effective
area reduction was made. From the results it can be seen
that the theoretical prediction of the value of K is an
acceptable approximation because of its close correlation
with the experimental results.
It was concluded that the spherical element located
within the sink tube gave the system its best response.
Also the area reduction of the pickoff tube by the sensing
element must be included in the theoretical development
21

because this area reduction has a pronounced effect on the
system performance.
It was observed that the system, when exposed to the
higher flow rates, displayed a significant amount of noise
It was concluded that to minimize this noise the system
should be redesigned to accommodate a fluid of greater
density and lower flow rates without loss of system




VI. RECOMMENDATIONS FOR FUTURE WORK
It is recommended that the proposed sensor be constructed
and evaluated for the expected reduction in system noise


































































Figure 5. Differential Pressure vs. Angular Velocity
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Figure 6. Differential Pressure vs. Angular Velocity
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Figure 7. Differential Pressure vs. Angular Velocity
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Figure 8. Differential Pressure vs. Angular Velocity
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Figure 9. Differential Pressure vs. Angular Velocity
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Figure 10. Differential Pressure vs. Angular Velocity

















Figure 11. Differential Pressure vs. Angular Velocity











10 20 30 40 50
Rotot ion Ccleg/ sec
)
=rfc i J,60
Figure 12. Differential Pressure vs. Angular Velocity
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Figure 13. Differential Pressure vs. Angular Velocity
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Figure 14. Differential Pressure vs. Angular Velocity
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Figure 15. Differential Pressure vs. Angular Velocity
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Figure 16. Differential Pressure vs. Angular Velocity







10 20 30 4'
Rotation (deg/sec)
60
Figure 17. Differential Pressure vs. Angular Velocity









Figure 18. Differential Pressure vs. Angular Velocity
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Figure 19. Differential Pressure vs. Angular Velocity
















L I L I b—
s
1
1*0 20 30 40 50
Rotation (deg/sec)
60
Figure 20. Differential Pressure vs. Angular Velocity
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Figure 21. Differential Pressure vs. Angular Velocity






rfa ' fr10 20 30 40 50
Rotation (deg/sec)
60
Figure 22. Differential Pressure vs. Angular Velocity
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Figure 30. K vs. u R /Q (outside spherical
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Figure 33. K vs. u R°/Q (outside spherical
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Figure 35. K vs. to R /Q (outside spherical

































Figure 36. K vs. U R /Q (outside spherical
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